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Abstract

The use of internal-model-based linear controller, such as resonant controller, is a well-established technique for the current
control of grid-connected systems. Attractive properties for resonant controllers include their two-sequence tracking ability, the
simple control structure, and the reduced computational burden. However, in the case of continuous-designed resonant controller,
the transient performance is inevitably degraded at a low switching frequency. Moreover, available design methods for resonant
controller is not able to realize the direct design of transient performances, and the anticipated transient performance is mainly
achieved through trial and error. To address these problems, the zero-order-hold (ZOH) characteristic and inherent time delay in
digital control systems are considered comprehensively in the design, and a corresponding hold-equivalent discrete model of the
grid-connected converter is then established. The relationship between the placement of closed-loop poles and the corresponding
transient performance is comprehensively investigated to realize the direct mapping relationship between the control gain and the
transient response time. For the benefit of automatic tuning and real-time adaption, analytical expressions for controller gains are
derived in detail using the required transient response time and system parameters. Simulation and experimental results

demonstrate the validity of the proposed method.
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I. INTRODUCTION

Grid-connected voltage-source converters (VSCs) have
gained a large popularity in recent years due to the growing
use of renewable energy and the wide implementation of
distributed power generation systems (DPGSs) [1]. In these
power generation systems, VSCs serve as the power conversion
equipment which transforms the power to meet the requirements
for grid interconnection [2], [3]. Filters are normally installed
between the converter and utility network to attenuate high
frequency harmonics generated by the switching actions of
power electronic devices [4]-[6]. Considering the enhancement
of power quality, the performance of grid-connected converter
should be designed to meet the stricter requirements [7].
Generally, a fast dynamic response without oscillations and a
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low current THD are anticipated.

The control structure of VSCs is usually based on the
cascaded control scheme, where the inner control loop is
normally used to regulate currents [8], [9]. In this case, the
performance of the inner loop has a significant impacts on the
overall control performance [10]. Among the various current
controllers, including both linear and nonlinear controllers,
resonant controllers are widely adopted due to their simple
control structure and reduced computational burden [9],
[11]-[13]. For example, resonant controllers can regulate both
positive-sequence and negative-sequence currents at the same
time without any modifications [14], [15], which is a good
property for unbalanced operation conditions [16], [17]. In
this manner, resonant controllers are suitable for the control
of DPGSs, since the two-sequence-tracking ability benefits
the ride-through capability of DPGSs [18], [19]. Another
attractive feature is the elimination of multi-frequency
harmonics, which can be realized directly by using multiple
resonant controllers [20]-[23], since each resonant controller
only produces an infinite gain for the corresponding
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frequency signal. This straightforward implementation
simplifies the control structure for power quality
improvement [20], [21]. Generally, zero steady-state error
can be achieved when resonant controllers are implemented,
and the transient response and the desired transient response
time are focuses of resonant control [24], [25]. For most
applications, it is expected that controllers be designed with
an accurate dynamic response [26], [27].

An available method for the design of resonant controllers
is based on a continuous-time analysis, where the model of
the plant is normally established in the continuous-time
domain using transfer functions [21], [28], [29]. In this
manner, a frequency-response analysis is normally applied,
and the bandwidth is then adopted as a major factor for the
evaluation of close-loop dynamics. Nevertheless, in real
applications, the designed controllers are normally applied in
digital control systems [30]. Electrical quantities like the
currents and voltages are sampled for control, and pulse-
width modulation (PWM) is applied for the realization of the
control voltage. In addition, an inherent time delay always
exists in the digital control system. Thus, the discrete
characteristics of this type of sampled-data system should be
taken into account comprehensively during modeling [15],
[31], [32]. Based on an accurate discrete-time model, the
stability can be really ensured, and the desired system
dynamics can be realized correspondingly, especially when
the system is designed with high dynamics and a relatively
low switching frequency [15], [25].

In terms of the current controller design, another important
aspect is the transient response which has been extensively
investigated in many studies. For example, in [33], an
approach utilizing the sliding-mode control is proposed for
the current loop of grid-forming inverters, and the proposed
algorithm can produce a fast and robust tracking performance
even under parameter variations. Due to its satisfactory
transient response, a sliding-mode-control-based current loop
is also applied in [34] for the primary control of an isolated ac
microgrid. It is worth noting that, for the design of
conventional linear controller, such as proportional integral
(PI) controller, a well-established approach is to obtain the
desired time-domain specifications [27]. Following this
manner, the transient response time of the dc signal tracking
can be directly determined. However, for resonant control in
ac systems, the similar performance is difficult to achieve.
One design method that focuses on the transient performance
is presented in [26], where the optimal transient is obtained
by assessing the influence of the proportional and resonant
gain on the closed-loop poles and zeros. However, the direct
mapping relationship between the control gains and the
transient response time is not available. Additionally, in [27],
the anticipated transient performance is attained using
continuous-time design, where the performance is inevitably
deteriorated in the case of a low switching frequency.

Controller tuning is another important task that has a
significant influence on the performance of the entire control
system. For example, when offline tuning methods are
applied, the controller parameters are invariant, and the
control performance can be degraded due to the variations of
the system parameters [35]. For the benefits of realizing
satisfactory control performance, accurate automatic tuning
methods are preferable [24], [32]. To ensure stable operations
and to improve the dynamic response, an automatic tuning
algorithm has been proposed for power converters with
cascaded control loops in [36]. It is worth noting that, the
automatic tuning also makes the implementation of real-time
adaption realizable, where the system parameters can be
measured or estimated for the tuning of the controller gains.
For DPGSs, the power plants may be installed in remote
areas, and the impedance of these plants may not always be
constant. Thus, a simple and straightforward controller tuning
algorithm can benefit the controllability improvement in
these cases.

This paper presents a transient-performance-oriented
resonant control for grid-connected VSCs. The contributions
of this paper can be summarized as follow. The accurate
hold-equivalent discrete model of the grid-connected
converter is established, where the ZOH characteristic of the
PWM and the inherent time delay are simultaneously taken
into account. In this manner, improved stability of the
resonant control can be obtained, especially in the case of a
reduced switching frequency. Moreover, the direct mapping
relationship between the control gain and the transient
response time of resonant control is presented with given
time-domain specifications. Following this direct mapping
relationship, the closed-loop poles and zeros are configured
to achieve a desired transient performance. In addition, to
realize the automatic tuning of the proposed resonant control,
analytical expressions for the controller gains are derived
directly using the desired transient performance and system
parameters.

This paper is organized as follows. In Section II, a
generalized plant is analyzed, and a hold-equivalent model in
the discrete-time domain is then presented. In Section III, the
design of the controller is presented in detail, and the selection
of closed-loop poles for a desired transient performance is
given. The analytical expressions are derived in Section IV.
Experimental results are presented and analyzed in Section V.
The conclusions are drawn in Section VI.

II. SYSTEM MODEL

In this paper, the boldfaced letters are used to donate
matrices or complex vectors, and the complex vector
quantities are expressed in stationary «f coordinates (e.g.,
current vector k=ketjip ). In the following, the
continuous-time model of the generalized circuit is firstly
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presented. Then the corresponding hold-equivalent discrete-
time model is established for the controller design.

The dynamic of the generalized circuit in the continuous-
time domain can be expressed using state differential and
output equations as:

x(0) = —%x(f) %uc 0) "i”g 0)

i.(t) = x()

M

where u.(¢) represents the output voltage of the converter,
u,(t) stands for the voltage at the point of common coupling,
and i.(f) stands for the output current of the convert. In
addition, the symmetrical three-phase impedance of the grid
interconnection is marked by resistance R; and inductance L,

respectively.
In order to directly design resonant controllers in the

discrete-time domain, the continuous-time model of the
system should be transformed into the discrete-time model
using an appropriate approach, which can accurately reveal
the characteristics of the digital control system. Typically, the
sampling instances are synchronized with PWM. As a result,
the impact of electromagnet interference on the sampling
process can be released, and the sampled current ripple can
be avoided. When the PWM is single updated, the sampling
frequency is equal to the switching frequency. In the case of
double-update PWM, the sampling frequency is twice of the
switching frequency. Additionally, the sampled current and
output voltage are kept constant between two sampling
instants. Considering the ZOH characteristics of the sampling
and PWM, the corresponding hold-equivalent discrete-time

model is given as:

x(k +1) = gx(k)+ rou (k) + rou, (k)

i. () = x(k) 2)

where the system matrices can be formulated as (3), and T
is the sampling period.

$=e BRI g = LIT e R/l dp
9 Lf 0 9
1 (3)

Ty
T, = e k'l dp

L 70

With the adopted synchronous sampling mode, an inherent
one-sample-period delay always exists. In other words, the
sampled current at the present sampling instant & is used to
generate the control voltage to be applied at the next instant £
+1. This computational delay can be formulated by
u.(k+1)=ucr (k) . In order to include the computational
delay in the discrete-time model, the model augmentation is
applied. The corresponding augmented plant model is given
as:

x(k+)]_[¢ w][xk)] [0] PR
uk+0)| |0 0 lluc)| [1] 0l"

R e
xg (k+1) Dy x4 (k) e |
“4)
. x(k)
i(k)=[1 0]
T u. (k)
xd (k)

where X4 is the new state variable. ®q4, I'a, I'ea and Hy
denote the system matrices.

III. TRANSIENT-PERFORMANCE-ORIENTED
DISCRETE-TIME DESIGN OF A RESONANT
CONTROLLER

A. Discrete-Time Design of Resonant Controller

According to the internal model principle, for zero steady-
state error, the model of external disturbances should be
embedded in the controller. For the resonant control
implemented in the stationary coordinates, the sinusoidal
signals can be regarded as an external disturbance, which can
be modeled as:

d(t) = —aid (1) (5)

where d(¢) represents the sinusoidal signals, and @y is the
frequency of the sinusoidal signals. In general, the state-space
formulation corresponding to (5) can be written as:

RAL R IR
).Clz (t) — 0 Xn (t) ( )
where xu(f) and xn(f) are two integral states corresponding
to the sinusoidal signals.

In order to avoid discretization errors, the resonant poles in
the discrete-time domain should have an accurate mapping
relationship with those in the continuous-time domain. In this

way, the discrete-time poles are set to e”" , and the
discrete form of (6) can be written as:

x”(k"rl) _ 0 1 xn(k) (7)
xe(k+1) | |=1 2cos(an) || xn(k)
For pole placement, two integral states xu(k) and

xn(k) should be included in the model of the plant [30]. The

discrete-time model (4) is then augmented with the internal
model (7), resulting in:

Xqk+D] [®s 0 0] xq(k)] [Tu

xu(k+1) =] 0 0 1| xuCk)|+]| O |terer(k)

X2 (k+1) Hd -1 T X2 (k) 0

V Xa (k+1) ‘ ‘ @, ~ Xa (k) |
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g
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Fig. 1. Block diagram of the proposed resonant control with full
state feedback.

where x, is the new state variable; ®., I'a, I'u and T
are the new system matrices; and 7 is used to represent the
coefficient 2cos(anTs) .

As shown in Fig. 1, in the proposed resonant controller, a
reference feedforward path and a current feedback path are
applied as the well-established state-space controller.
Moreover, in order to realize more degrees of freedom for the
resonant control, two integral states are both used in the
controller, and a state corresponding to the previous control
voltage is used as well. Correspondingly, the control law can
be written as:

Xq (k)
x (k)
Xa (k)
K. =[K, K;] is the state-feedback gain after
augmentation; K =[k, k.]is the gain of the original states;
K: =[ku, kn] is the gain of the two integral states; and
xi(k)=[xn(k), xp(k)] stands for the
Reference-feedforward s

U ref (k) = —[K K]]{

a

} + KNy s (k) ©)

where

integral states.
applied as well, and the
corresponding gain is KN, . From (8) and (9), the dynamic

of the closed-loop system is given as:
x,(k+1)=(®, -T. .K,)x, (k)
(KNI ea + T )icser (k) + T gt (k) (10)
i. (k) = H.x, (k).

where H. =[Hq4, 0, 0] is the output matrix. To mitigate the
negative influences of grid voltage, the measured grid voltage
is directly added into the controller output.

B. Transient-Performance-Oriented Design

There is a close connection between the transient tracking
performance of the closed-loop control system and the
controller properties. For the benefit of the controller design,
the transient response time of the control loop should be
directly designed by selecting the controller parameters. For
example, when the control loop is designed for the tracking
of dc signals, the reference of the control loop is:

i (¢) = Au(t) (11)

where A4 stands for the amplitude of the reference step.
It is well established that when the corresponding closed-
loop system is configured to be a first-order plant, the

10+
1
1
- : e = 3007 rise time:In9/a. = 2.33ms
~ ke 1
= 5f 9 ey . 1
g I o= 2307 rise time:n9/a. = 3.04ms
= j . = 1607 rise time:In9/a, = 4.37ms
&) i
0
= = =d¢c ——a, = 3007 a, = 2307 a, = 1607
0.1 0.11 0.12 0.13 0.14 0.15

t (s)
Fig. 2. Transient Response of dc signal tracking.

tracking error between the actual plant output and the
reference can be then formulated as:

e(t)= Ae™™ (12)

where ¢, is the bandwidth of the first-order plant.

In this manner, for the tracking of dc signals, different
transient response time can be realized when the parameter
a. is set to different values. As shown in Fig. 2, by selecting
a. , different transient response time can be obtained
correspondingly. In a similar manner, for ac reference
tracking, it is anticipated that the transient response can be
designed by properly selecting the controller parameters.

For the regulation of ac signals, the sinusoidal reference of
the control loop can be written as:

i (t) = Asin(wot)u(t) (13)

In order to make the transient response time of the
afore-mentioned dc signal tracking and that of the ac signal
tracking approximately the same, the expected tracking error
in ac systems can be formulated as:

e(t) = Ae™* sin(ant) (14)

To realize the tracking error as (14), the closed-loop poles of
(10) need to be configured corresponding to different values of
a. , which is similar to the direct design of the transient
response time in the dc system. It should be noted that, as can
be derived from (8), there are four open-loop poles that need to
be placed. Specifically, the pole originating from the delay
locates at z = 0, and another pole introduced by the original

—ReTs/ Le

plant locates at e . Moreover, the internal model (7)

introduces two extra open-loop poles at e*@F |
With the control law as (9) applied, the aforementioned
four open-loop poles can be arbitrarily placed in the
closed-loop systems. Assuming the closed-loop poles are
placed at the desired locations, the characteristic polynomial
is given as:
a(z) =(z— o )(z—a )(z— a2 )(z— a3) (15)
where a, a1, @ and a; are the desired closed-loop poles.

Since the pole originating from the delay is already optimal,
it remains in the same location. In order to achieve the
desired transient process as (14), two complex poles
introduced by the internal model of the sinusoidal signals are
chosen to be the dominant poles. Additionally, the real pole
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Fig. 3. Explanation of the designed pole placement.

introduced by the original plant remains in the same place,
and it can be canceled by the zero. In this way, the desired
closed-loop poles can be expressed as:

—ReTs /Lt
2

a =0,a=e oy = elerio) (16)

In addition to the closed-loop poles, two zeros originating
from the reference feedforward need to be placed properly.
One of the zeros is set to a;, and another zero is sect to

zy =5 " ag it is indicated in Fig. 3. Once the pole

placement is determined, the controller gains can be
automatically tuned using analytical expressions.

In order to demonstrate that the controller proposed in this
paper can realize the direct design of the transient response
time, simulation validation is applied. According to the
above-mentioned poles and zeros, the closed-loop transfer
function of the designed system in the discrete-time domain
can be directly written as:

Z—Z

S

17)

To verify the tracking performance of the designed
controller, two different ac references are tested in simulation,
and the corresponding expressions are given as:

. 3 zsin(apTy)
Lin(2) = z* —2zcos(anT) +1 (18)
i (2) = 2SO AT) (19)

72 =2z cos(anTs)+1

Using the closed-loop transfer function and the ac
references, the response of the ac signal tracking can be
easily obtained, as it is shown in Fig. 4 and Fig. 5. To clearly
illustrate the designable transient response time, simulation
results of the dc system mentioned previously are also
included in Fig. 4 and Fig. 5. It can be seen that the dc signal
can be regarded as the envelope of the ac signal in both
steady state and transient process. In this manner, the
transient response time of ac reference tracking in resonant
control can be directly designed, which is similar to the
well-established design in dc systems.
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Input (A)

Output (A)

- ==de ac(sin)
5k 4

0.05 0.1 0.15
t (s)
Fig. 4. Response of the designed current loop when input is (18).

Input (A)

== =de ac(cos)

Output (A)

- = =de ac(cos)

0.0 0.1 0.15
t (s)
Fig. 5. Response of the designed current loop when input is (19).

‘- = =d¢ ——ac(sin) —;u'(('un‘}|

Error (A)

|
]
T

reduce to zero

0.00 0005 01 0105 011 0115 0.2
t (s)
Fig. 6. Tracking errors during the transient process.

To further illustrate the anticipated performance, the
tracking errors of both dc and ac signals in Fig. 4 and Fig. 5
are placed in a single figure, as it is shown in Fig. 6. It can be
seen that the tracking errors of the designed system are
eliminated within a certain time, and that the transient
response times of both ac and the dc systems are the same.
Therefore, in the design of resonant control, different values
of a. can be selected according to the desired transient
response time. Then different poles and zeros are configured
correspondingly to obtain the desired transient response time.
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Fig. 7. Bode plots of the open-loop transfer function.

In addition, in order to analyze the relationship between the
parameter «. and the crossover frequency of the resonant
control loop, the open-loop transfer function of the designed
system can be written as:

Z—Z

Ga(2) = z2(z— o )Nz—a3)—(z—z1)

(20)

The frequency response of (20), with the parameter «.
set to different values, is shown in Fig. 7. It can be seen that
when the parameter a. grows linearly, the crossover
frequency of the resonant control loop is not linearly linked to
a. . In addition, the corresponding relationship between the
crossover frequency and transient response time cannot be
directly established. Thus, compared with the proposed
design method, methods based on the direct selection of
crossover frequency cannot be used to achieve the previously
discussed designable transient response time.

IV. ANALYTICAL GAIN EXPRESSIONS

A. State-Feedback Gain

The desired characteristic polynomial (15) can be written
as:
a(z)=z'+a;2 + a2 +az +ap 1)
The coefficients of the polynomial are then expressed as
functions of the closed-loop poles.
a, =0, a =—a00;
@ = s + oas + a0 (22)
a=—0o— 0o — a3
The characteristic polynomial of the closed-loop system
(10) is:
a(z) =det(z1-®, +I'.K.,)
=2+ (ks —¢-T)2’ +[ths —(p+T)ks + T ¢
+1)2° +[-Trky + (T + Dy + .k, — Pz
+7. (ki + ku) — ¢k

(23)

From (21) and (23), the coefficients of the polynomial are

expressed as the functions of the system parameters and state-
feedback gains. Taking (22) into account, the relationships
among the state-feedback gains, system parameters, and
closed-loop poles are then established as:

my  mp; m3z My k w1
my mxn my; my ||k w>
my my ms ms || kn w3 (24)

my myp My My || kp Wy
A / —— —_—

M K! w

where the elements of the matrix M are:

mp; = —¢, my =-T17,
my =T¢+1 ms, :—¢—T

’ (25)
my; = m3 = My = M3 =T
My =My = M3 = M3y = My = Mz =My =0.

In additon, the elements of the matrix W are:
wi=ag, w,=a +9,
(26)

w3 :az—T¢—1, Wi =as +¢+T.

The state-feedback gains can be obtained by solving
K7 =MW . However, it is difficult to accomplish this task
in real-time applications. In order to realize real-time
adaption, the matrix M in (24) is rewritten as:

1 0 0 Oflw wo ws wy

M= b, 1 (U 0 wun wn Uy
Li Ly 1 0|0 0 ws ws 27
Ly Ly Is 1 0 0 0 Uyy
‘ . ‘ . ‘

where the elements of the lower diagonal matrix L are:
Ly =my /my, Ly =ms /my, Ly =my/ my
by =(my — L) un, Lo =(my —Laws) / uy (28)
I = (m42 —Lyu;s —l4zll23) / Us;3
and the elements of the upper diagonal matrix U are:
Wy =nmyy, W =My, Wz = M3, Uig =My
Uy =my — b, u; =my —bu;
Wy = My — by, usz = my; — by — Lo, (29)
Uz = M3y — Ly — Loty

Usy = Myy — Ly — Loy — Ly

The auxiliary matrix C=[e¢,¢2,¢35,¢4]" 1s  introduced.
Assuming C=L"W , the elements of the auxiliary matrix
are expressed as:

a=w, ¢=wy—ha

e =wy—Lic — e (30)

cs =wy —lye —lpe, — e

The analytical expressions for the controller gains are
expressed as:



1006 Journal of Power Electronics, Vol. 19, No. 4, July 2019

kp=c4 /ll44, ky = (C3 - ll34k12) / w33
ky = (¢ —ursky —wskn) / ux (31)

k= (C‘l —upk; —us ki —”14k12)/”11

B. Reference-Feedforward Gain

The numerator polynomial obtained from the closed-loop
model (10) is given as:

b(z) = 7.[KN,z> —(KN,T —kpp)z + KN, + k] (32)

As mentioned previously, one of the closed-loop zeros is
used to cancel the pole ¢, . Then the corresponding reference-
feedforward gain is given as:

KN, =—(ku +kpa)/ (ai —Ta; +1) (33)

V. SIMULATION AND EXPERIMENTAL RESULTS

The performance of the proposed resonant control is
experimentally verified with the experimental setup shown in
Fig. 8. In the experiments, a 7.5-kW Danfoss VSC is used,
and the control signals for VSC are received by the interface
board installed on the converter. The control algorithms are
implemented in a DSP TMS320F28379D, and the PWM
implemented in the control system is set to double-update
mode. For the safe operation of the switching devices, dead
time is added in the PWM. The parameters of the entire
experimental setup are listed in the Table I, and the structure
of the current control system in the experiment is shown as
Fig. 9.

In order to evaluate the transient response of the proposed
controller, a step in the amplitude of the current references is
generated, and the corresponding experimental results are
shown in Fig. 10. As can be observed, the tracking error in
f axis is negligible, and it is primarily introduced by the
dead time effect. In this way, the tracking error is mainly
introduced in the « axis. When the parameter . is set to
160x, the tracking error in the « axis is eliminated in
approximately 4.33ms. It should be noted that, according to
the analysis, the error elimination time is 4.37ms (In9/160x).
Thus, the actual transient response time of the designed

resonant control can approximately match that of the analysis.

In Fig. 11, the error drops to zero in approximately 3.00ms
when . is set to 230x, which can still correspond to the
analysis (In9/230r = 3.04ms). In Fig. 12, the transient process
is approximately 2.32ms, and it also fits the analysis, which is
2.33ms (In9/300x = 2.33ms). These results verify the direct
mapping relationship between the control gain and the
transient response time. In particular, the transient processes
contain no oscillation, and the smooth transient processes
improve the stability of the grid-connected system. In
grid-connected systems, the total harmonic distortion (THD)
of the injected currents should be lower than 5%. In order to

i 3 Oscilloscope

-

Autotransformer

Fig. 8. Photo of the experimental setup.

Resonant _1

PWM #4@
ic(k) |aB |E| - )
abe

ic,ref (k) Bo (k) icas Tchs fec | Filter
Rei'el'cr;ce ‘\_ PLL | E I 7 rcC
Generation /

Uphs Ube

Control

Fig. 9. Current control system.

confirm the THD of the grid current, a harmonic analysis is
applied, and the results are presented in Fig. 13. As can be
observed, with the parameters of the proposed controller set
to different values, the THD is approximately the same.
Additionally, in these cases, the THD of the grid current is
always below 5%, which can satisfy the standards for grid
interconnection.

Additionally, to confirm the improved stable behavior
introduced by the discrete-time design, the sampling frequency
and the switching frequency of the converter are reduced, and
the corresponding transient response is tested. For comparison,
the continuous-time design method is also tested in the
experiments. In the continuous-time design, the same pole
placement is applied, and the designed controllers are discretized
using Tustin with the prewarping method for minimization of
the discretization error. In this manner, the difference between
the continuous-time design and the discrete-time design is the
model used for pole placement.

As shown in Fig. 14(a) and 15(a), the transient response
time of both the continuous-time-designed controller and the
discrete-time-designed controller are approximately the same
in the case of f = S5kHz. For a further comparison, the
switching frequency of the converter is reduced to 4kHz. The
effectiveness of the continuous-time design method is de-
graded, since oscillations start to occur in the current of «
axis, as shown in Fig. 15(b). However, under the same
conditions, the discrete-time design method can produce
approximately the same transient response time as the
analysis, and the transient process is smooth without
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TABLE I
SYSTEM PARAMETERS
Parameter Symbol Value Parameter Symbol Value
Rated power Py 7.5 kW L filter inductance L 6.6 mH
Dead time T4 4 us Sampling frequency Samp 6/12 kHz
DC link load Lqg 175 Q Switching frequency 1 3/6 kHz
L filter resistance R¢ 0.03Q Controller parameter a. 1607/3007 rad/s
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Fig. 16. Simulation comparison with the conventional method.
performance-oriented resonant controller.

0 0.005

oscillations, as can observed in Fig. 14(b). When the switching
frequency is further reduced to 3.5kHz, the continuous-time
design method fails to guarantee its performance during the
transient process. In addition, obvious oscillations can be
observed, as indicated in Fig. 15(c). As a comparison, even
when the switching frequency is set to 3kHz, the discrete-
time design method can still produce a relatively good
performance during the transient process. It worth noting that
the error- elimination time is approximately 2.30ms, which
still corresponds to the analysis, as indicated in Fig. 14(c).

To produce a comparison between the conventional linear
controller and the proposed controller, the well-established
method presented in [37] is applied, and the corresponding
simulation results are presented in Fig. 16. As can be
observed in Fig. 16(a), when the conventional method is
applied, undesired oscillations occur in the transient process.
However, under the same test conditions, the transient response
is fast without obvious oscillations when the proposed
controller is adopted, as shown in Fig. 16(b).

—

RO RSO

dabe (A)

0.01 0.015
t(s)

(b)

0 0.005 0.02

(a) The conventional linear controller. (b) The proposed transient-

VI. CONCLUSION

In this paper, a transient-performance-oriented resonant
controller is proposed for the current control of grid- connected
converters. Specifically, for the direct discrete-time design, an
accurate discrete-time hold-equivalent model is established
with the ZOH characteristic and the digital delay
simultaneously taken into account. According to the direct
mapping relationship between the control gain and the
transient response time, the poles and zeros are precisely
configured to achieve the desired transient performance. In
order to implement the controller automatic tuning straight-
forwardly, the analytical expressions for the controller gains
are given as functions of desired transient response time and
system parameters. When compared with the corresponding
continuous-time design, the proposed method can guarantee
the transient performance even under a low switching frequency.
Additionally, all of the properties of resonant controllers,
such as the two-sequence tracking capability, the simple control
structure, and the reduced computational burden are perfectly
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retained. For validation, a number of simulations and
experiments are carried out, and the corresponding results
confirm that the proposed transient-performance-oriented
design method can realize the direct design of the transient
response time.
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